Newly assembled major histocompatibility complex (MHC) class I molecules, together with the endoplasmic reticulum chaperone calreticulin, interact with the transporter associated with antigen processing (TAP) through a molecule called tapasin. The molecular cloning of tapasin revealed it to be a transmembrane glycoprotein encoded by an MHC-linked gene. It is a member of the immunoglobulin superfamily with a probable cytoplasmic endoplasmic reticulum retention signal. Up to four MHC class I-tapasin complexes were found to bind to each TAP molecule. Expression of tapasin in a negative mutant human cell line (220) restored class I-TAP association and normal class I cell surface expression. Tapasin expression also corrected the defective recognition of virus-infected 220 cells by class I-restricted cytotoxic T cells, establishing a critical functional role for tapasin in MHC class I-restricted antigen processing.
Major histocompatibility complex molecules with specific bound peptides are the ligands for the antigen-specific receptors of T cells. Appropriate expression of MHC molecules with associated self peptides in the thymus and peripheral tissues is essential for the maintenance of T cell tolerance, and effective responses to infectious organisms require efficient assembly of both MHC class I and class II complexes with pathogen-derived peptides. Assembly of the MHC class I-peptide complex is initiated in the endoplasmic reticulum (ER) by the formation of MHC class I-␤ 2 -microglobulin (␤ 2 M) dimers and predominantly involves the chaperones calnexin and calreticulin (1) (2) (3) (4) (5) . The peptides bound by MHC class I molecules are mainly generated by the proteasome-mediated cleavage of cytosolic proteins (6) . Peptides are translocated into the ER by TAP, a specialized transporter that is a member of the adenosine triphosphate (ATP)-binding cassette family of transporters. It is composed of two homologous MHC-encoded subunits, TAP.1 and TAP.2 (7) . Before peptide binding, calreticulin-associated class I molecules bind to TAP, an interaction mediated by tapasin (4) . In the mutant cell line 220, which lacks tapasin expression, this interaction does not occur, and MHC class I assembly and subsequent cell surface expression is impaired (4, 8, 9) . Somatic cell genetic evidence has suggested that either a gene regulating the expression of tapasin or the tapasin gene itself resides on the short arm of human chromosome 6 (8, 10) .
Translocation by TAP of an allele-specific, class I-binding peptide initiates dissociation of that class I molecule from the TAP complex (1, 2) . To investigate how translocation is coupled to peptide loading, we purified and characterized the human TAP complex, identified the different components, and determined their stoichiometry. We purified the class I-TAP complex from digitonin-solubilized membranes from the human Epstein-Barr virus (EBV)-transformed B cell line L001 using an affinity column containing monoclonal antibody (mAb) (148.3) to TAP1 (anti-TAP.1) (11). The L001 cell line was used because it expresses relatively large amounts of TAP and because its class I molecules associate stably with TAP. The material eluted at pH 3.5 is shown in Fig. 1A . On the basis of previous data, bands were tentatively identified as TAP.2 (72 kD), TAP.1 (70 kD), calreticulin (60 kD), tapasin (48 kD), human lymphocyte antigen (HLA) class I heavy chain (44 kD), and ␤ 2 M (12 kD). We also detected a band at 90 kD, which is the apparent size of calnexin on SDS-polyacrylamide gel electrophoresis (SDS-PAGE). To confirm the identity of the components, we analyzed similar material purified from the cell line Swei. Calnexin, TAP.2, calreticulin, tapasin, and HLA class I heavy chain were positively identified by immunoprecipitation after biotinylation of the purified material (12) (Fig. 1B) . The approximate stoichiometry of the TAP complex purified from L001 cells and that purified from ␤ 2 M-negative Daudi cells was calculated by excising bands from SDS-PAGE gels and subjecting each band to quantitative amino acid analysis. Two preparations from L001 cells were analyzed, one eluted from the affinity column at pH 3.5 and the other by competitive elution with the specific TAP.1 COOH-terminal peptide to which mAb 148.3 was raised (Table  1 ). This method eliminates the possibility that TAP.1-associated molecules might dis- The TAP complex similarly purified from the cell line Swei, but eluted with the specific COOH-terminal peptide of TAP.1, was biotinylated and denatured (12), and individual components immunoprecipitated with rabbit antisera to tapasin (4), calnexin (28) , or calreticulin (Affinity Bioreagents, Neshantic Station, New Jersey), or the mAbs 435.3 (anti-TAP.2) (29) or 3B.10.7 (anti-class I heavy chain) (30) . After SDS-PAGE and electrophoretic transfer to an Immobilon-P membrane, the components were detected by horseradish peroxidase (HRP)-conjugated avidin and a chemiluminescent substrate.
SCIENCE ⅐ VOL. 277 ⅐ 29 AUGUST 1997 ⅐ www.sciencemag.org sociate while leaving residual TAP.1 on the column. The ratio of TAP.1 to TAP.2 is about 1:1 as anticipated on the basis of previous characterization (13). In L001 cells the ratio of tapasin to HLA class I heavy chain is also about 1:1. This argues for a single class I binding site on the tapasin molecule. The ratio of tapasin to TAP dimer is considerably greater than 1:1 in both Daudi and L001 cells, and the data indicate that up to four tapasin-class I complexes are associated with a single TAP dimer, assuming that the purified material reflects a single complex of defined composition. The tapasin-TAP association is weak and detergent-dependent (4), necessitating the use of digitonin throughout the purification. Thus, the amount of tapasin relative to TAP after purification with an antibody to TAP is unlikely to be erroneously high. MHC class I molecules associate with TAP.1 in single-chain TAP.1-expressing cell lines (1, 14) , and we found that tapasin similarly associates with TAP.1 (15). Thus, the tapasin-class I complexes may all be bound to TAP.1, or a subset may be TAP.2-associated. Calreticulin association with class I molecules is maintained in the class I-TAP complex, although in one of the L001 preparations it was somewhat substoichiometric relative to class I and tapasin. This may reflect dissociation of calreticulin from the complexes after solubilization or variable association in vivo. Substoichiometric amounts of calnexin copurify with the complex, and preliminary evidence suggests that calnexin may be associated with a small number of assembling TAP complexes (15).
To determine the structure of tapasin, we separated the TAP-tapasin complexes from Daudi cells by SDS-PAGE, transferred them electrophoretically to Immobilon-P membrane, and excised the tapasin band. Edman degradation generated an unambiguous sequence from cycle 2 to cycle 31. We also identified residues 2 to 7 of a purified tryptic peptide. Degenerate polymerase chain reaction (PCR) primers were devised on the basis of the sequences and used to amplify fragments corresponding to the 5Ј end of the gene. We completed the sequencing using a modification of the vectorette, or "bubble," PCR approach (16) adapted for use with cDNA.
Tapasin appears to be a type I membrane protein ( Fig. 2A) . The mature protein has 428 amino acids with a single N-linked glycosylation site at position 233. The COOH-terminal sequence has lysine residues at positions -3, -4, and -5, consistent with known cytoplasmic ER retention signals that have lysine residues at -3 and -4 or -3 and -5 (17). The hydrophobic region likely to constitute the transmembrane domain (underlined in Fig. 2A ) contains a basic residue, Lys 408 , which may be involved in intramembrane interactions with other proteins, for example, TAP. Such interactions occur between charged residues in the transmembrane domains of T cell receptor ␣ and ␤ chains and CD3 components (18) . Alternatively, Lys 408 could be the COOH-terminal border of a 15-residue transmembrane domain beginning at Ser 393 . Hydrophobic sequences of comparable length can function as transmembrane sequences in recombinant membrane proteins (19) . Of the 392 lumenal residues of the mature protein, 50 are prolines. They are distributed throughout the sequence with no evidence of periodicity.
The tapasin polypeptide sequence was analyzed by Smith-Waterman database searching and by threading onto known protein structures (20) , and by comparison with known immuno-globulin (Ig) sequences (21) . All three methods indicated that tapasin is a member of the Ig superfamily. A sequence incorporating two cysteine residues (Cys 295 and Cys 362 ) exhibited significant homology to members of the Ig C1-SET constant region superfamily (Fig. 2B) . Many of the key amino acids characteristic of the C1-SET are present, but there are 67 amino acids between the two cysteines in tapasin, in contrast to the 55 to 60 residues in most C domains (21) . The increased span may be due to an extended loop at residues 317 to 323, corresponding to an insertion between the C and D ␤ strands of the C1-SET structure. V-SET folds contain a large expansion at this position. An additional region with weak Ig C1-SET homology runs from residues 51 to 153, but the second Cys residue has not been conserved (15). The 118 residues (154 to 271) between these two putative Ig domains do not show any obvious Ig homology. To map the gene encoding tapasin, we used a PCR probe that gave a positive signal on two human chromosome fragment-rodent somatic cell hybrids whose only common human chromosome band includes the MHC (Fig. 3A) . This is consistent with the location of the tapasin coding gene rather than a regulatory gene being on chromosome arm 6p (8, 10) . To refine the map position, we used a tapasin cDNA probe (base pairs 1 through 796) to screen gridded libraries of PAC clones (United Kingdom Human Genome Mapping Project resource center). This yielded a single clone, PAC 36A2, which we labeled with biotin and used for fluorescence in situ hybridization (FISH) analysis on 40 metaphase spreads from phytohemagglutin-stimulated normal human lymphocytes (22) . A consistent signal was observed at band 6p21.3 on both copies of chromosome 6 (Fig. 3B ). This chromosomal band includes the MHC. The result indicates that the tapasin gene is within ϳ10
6 bp of the MHC. The mutant cell line 220 is defective in MHC class I assembly and lacks tapasin expression (4, 8, 9) . To determine whether introducing tapasin could restore a normal phenotype, we transfected tapasin cDNA into 220 cells expressing HLA-A1 or HLA-B8 (8) . Immunoprecipitation with anti-TAP or anti-␤ 2 M showed that tapasin restored the association of HLA-B8 with TAP in 220-B8 cells (Fig. 4) . Restoration of a functional TAP-tapasin-class I complex also resulted in an ϳ10-fold increase in class I surface expression (Fig. 5) . The restored surface expression is similar to that seen in normal HLA-B8-or HLA-A1-positive B cell lines (15). To address the functional importance of tapasin, we infected 220-B8, 220-A1, and their tapasin-expressing derivatives with either influenza virus A/PR8/(HIN1) or a vaccinia virus recombinant expressing cytomegalovirus (CMV) pp65 protein and tested for their susceptibility to lysis by HLA-B8-restricted, influenza nucleoprotein-specific, or HLA-A1-restricted CMV pp65-specific, cytotoxic T cell lines (CTLs), respectively. Tapasin expression restored CTL sensitivity to virusinfected 220-B8 and 220-A1 cells (Fig. 5, C  and D) , indicating that tapasin plays an essential role in MHC class I function.
MHC class I molecules are more selective than TAP, in that they bind restricted sets of peptides, whereas TAP is highly promiscuous in the peptides it translocates (23). Thus, having multiple class I molecules associated with a single TAP dimer may increase the probability that an individual translocated peptide binds successfully. Certain HLA class I alleles have been found to associate poorly with TAP (24) , which may reflect a weak interaction with tapasin. However, absence of association in detergent solution may not reflect the situation in vivo where the components of the complex remain membrane-bound. The extent to which the antigen processing and presentation function of these weakly associated class I alleles is affected by the absence of tapasin remains to be determined.
It remains unclear precisely how tapasin, TAP, and calreticulin combine to facilitate MHC class I peptide loading. Cells that (34) were analyzed for class I surface expression by flow cytometry by using the mAbs w6/32 (A) and GS142.1 (B) and fluorescein-conjugated rabbit antibody to mouse IgG. The control was a nonspecific isotypematched mAb. For each series of transfectants, several clones showed a similar increase in surface amounts of MHC class I. (C) Influenza A-specific, HLA-B8/NP380-88 restricted CTLs were generated from peripheral blood mononuclear cells (35) and assayed in a standard 51 Cr release assay on tapasin-(Ç and s) and control-transfected (E), influenza A-infected (Ç and E) 220-B8 target cells. (D) Tapasin-(Ç) and control-transfected (å) 220-A1 cells were infected with recombinant vacciniaCMVpp65 for the indicated periods of time, and cytotoxicity was assayed with the CMVpp65-specific, HLA-A1-restricted CTL clone DLS13B7 (36) at a saturating effector to target ratio in a standard 5-hour 51 Cr release assay.
SCIENCE ⅐ VOL. 277 ⅐ 29 AUGUST 1997 ⅐ www.sciencemag.org lack TAP but express tapasin form calreticulin-class I-tapasin complexes in the ER (4), and HLA-A2 molecules in such cells are quite efficiently assembled and transported, binding a subset of signal sequencederived peptides (25) . Thus TAP, although it is the primary source of peptides, is not absolutely required for peptide loading of class I molecules. HLA-B8 molecules expressed in 220 cells are degraded more rapidly than when expressed in TAP-negative 174 cells (10) . Therefore, one role of tapasin may be to stabilize class I molecules in the absence of associated peptides, similar to the way HLA-DM association stabilizes empty MHC class II molecules (26) . Tapasin could also function like the invariant chain does in the class II system, preventing premature nonspecific interactions with unfolded proteins in the ER (27) . The interaction with TAP may simply provide a means to ensure proximity to the source of translocated peptides, with no additional mechanistic role in peptide loading. These possibilities remain to be evaluated.
